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Abstract. We present an unquenched quark model calculation of the mass shifts of ground-state octet and
decuplet baryons due to the coupling to the meson-baryon continuum. The qq¯ pair-creation effects are taken
explicitly into account through a microscopic, QCD-inspired, quark-antiquark pair-creation mechanism.
PACS. 12.40.Yx Hadron mass models and calculations – 14.20.Gk Baryon resonances with S = C = B = 0
– 14.20.Jn Hyperons
1 Introduction
Many studies investigate hadron properties within the quark
model (QM). The QM [1,2,3,4,5,6,7,8,9,10,11,12,13,14]
can reproduce the behavior of observables such as the
spectrum and the magnetic moments, but it neglects pair-
creation effects, which are manifest as the coupling to
meson-baryon (meson-meson) channels. Above threshold,
this coupling leads to strong decays; below threshold, it
leads to virtual qqq−qq¯ (qq¯−qq¯) components in the hadron
wave function and shifts of the physical mass with re-
spect to the bare mass [15,16,17,18,19,20,21,22,23,24].
Some interesting examples of the importance of contin-
uum (or sea) components in the calculation of baryon and
meson observables include the self-energy corrections to
the X(3872) [25,26,27] and D∗s0(2317) [29,28] bare meson
masses, which reconcile QM predictions with the experi-
mental data, and the unquenched quark model calculation
of the flavor asymmetry of the nucleon sea [30].
Nevertheless, the inclusion of continuum effects in the
QM in a systematic way is not an easy task to carry out.
In particular, in the baryon sector it is more difficult to do
than in the meson one. Attempts to include continuum ef-
fects in the calculation of baryon mass splittings started in
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the 80’s with the work by To¨rnqvist and collaborators [15,
22]. Isgur and collaborators showed that the QM emerges
as the adiabatic limit of the flux-tube model [31]; they also
proved that the effects of sea pairs on the linear confin-
ing potential between a quark and an antiquark is just a
renormalization of the string tension [32].
The self-energy corrections were studied by Horacsek
et al. [16]. They calculated the baryon self-energies within
a non relativistic Quark Model, considering pion-quark
coupling only. Specifically, they examined how the self-
energies vary among the ground states of the baryon octet
and decuplet, and also from ground to excited states.
Brack and Bhaduri [18] computed the pionic self-energy
contributions to theN and∆masses perturbatively within
the non relativistic QM. However, we shall show that a
complete Pseudo-Nambu-Goldstone boson set should be
taken into account.
Silvestre-Brac and Gignoux [19] studied unitary effects
in spin-orbit splittings of P -wave baryons. The authors ob-
served that threshold effects can play an important role
for the spin-orbit interaction in baryons and that, if these
effects are treated correctly, they are capable of explain-
ing the order and importance of spin-orbit splittings in
L = 1 baryons and also partial and total widths. To¨rnqvist
and Zenczykowski [15] studied the hadronic mass shifts
of the lightest baryons generated by coupled channel ef-
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fects. Assuming the different contributions from different
thresholds to be related by SU(6) symmetry, they derived
mass formulas for the relative splittings between ∆ −N ,
Σ∗ −Σ − Λ and Ξ∗ − Ξ baryons.
A similar study was carried out by Capstick and Morel
[21], using a pair-creationmodel for the vertices and Capstick-
Isgur model for the bare masses [4]. Specifically, they stud-
ied the ∆ − N mass splittings and those of nonstrange
P -wave baryons.
The aim of this article is to present a calculation of the
self-energies of ground state octet and decuplet baryons
within the unquenched quark model (UQM) [27,30,33,
34,35,36]. The UQM is systematic way to include contin-
uum (or loop) effects in the QM. These loop corrections
are computed considering all accessible ground-state (1S)
octet and decuplet baryons and a complete set of Pseudo-
Nambu-Goldstone bosons.
This is the first step towards a systematic unquenched
quark model calculation of the strange and nonstrange
baryon spectra with self-energy corrections [37]. After some
preliminary studies [15,16,17,18,19,20,21], several authors
have recognized the complexity and importance of this
task, which has not been fulfilled yet.
2 Formalism
2.1 Self-energies and continuum components
We consider the Hamiltonian
H = H0 + V , (1)
where H0 is the ”unperturbed” part, acting only in the
bare baryon space, while the second part, V , can couple
a baryon state to a continuum made up of baryon-meson
intermediate states. We consider H0 free from unitary ef-
fects, which are entirely due to V .
In potential model calculations, one considers a cer-
tain Hamiltonian H0 and, by fitting the model parame-
ters to the experimental data, one is able to predict the
”bare” spectrum of the model. The bare spectrum is that
calculated without continuum effects, namely considering
interactions between constituent (valence) quarks only [1,
2,3,4,5,6,7,8,9,10,11,12]. As widely discussed in the lit-
erature, continuum effects may be extremely important,
especially in the description of states close to open-flavor
(and, sometimes, also hidden-flavor) decay thresholds.
Given this, the physical mass of a baryon, Ma, can be
written as
Ma = Ea +Σ(Ea) , (2)
where Ea is the bare mass and
Σ(Ea) =
∑
BC
∫ ∞
0
q2dq
|Va,bc(q)|2
Ea − Ebc (3)
the self-energy correction. In Eq. (3), one has to sum over
a complete set of baryon-meson intermediate states, |BC〉.
These channels, with relative momentum q between B and
C, have quantum numbers Jbc and ℓ coupled to the total
angular momentum of the initial state |A〉. Va,bc stands for
the coupling between the intermediate state |BC〉 and the
unperturbed wave function of baryon A. Ebc = Eb+Ec is
the total energy of the channel BC, calculated in the rest
frame.
This is the formalism used in the present study. Several
choices for V are possible. Ours is that of the unquenched
quark model of Refs. [27,33,34]. Here, the potential V ,
responsible for the creation of qq¯ pairs, is the 3P0 model
pair-creation operator, T †.
2.2 An unquenched quark model for baryons
In the unquenched quark model [27,30,33,34,35,36], the
effects of quark-antiquark pairs are introduced explicitly
into the quark model through a QCD-inspired 3P0 pair-
creation mechanism [38]. This approach, which is a gener-
alization of the unitarized quark model by To¨rnqvist and
Zenczykowski [15] (see also Ref. [31]) is based on a QM, to
which qq¯ pairs with vacuum quantum numbers are added
as a perturbation and where the pair-creation mechanism
is inserted at the quark level.
Under these assumptions, the baryon wave function
is made up of a zeroth order |qqq〉 configuration plus a
sum over the possible higher Fock components, due to the
creation of 3P0 qq¯ pairs. To leading order in pair-creation,
one has
| ψA〉 = N
[
| A〉+
∑
BCℓJ
∫
dq | BCq ℓJ〉
〈BCq ℓJ | T † | A〉
Ma − Eb − Ec
]
, (4)
where A is the baryon, B and C represent the interme-
diate state baryon and meson, Ma, Eb =
√
M2b + q
2 and
Ec =
√
M2c + q
2 are the corresponding energies, q and
ℓ the relative radial momentum and orbital angular mo-
mentum between B and C, and J = Jb + Jc + ℓ the
total angular momentum. The baryon and meson wave
functions depend on a single oscillator parameter which,
following [31], is taken to be ~ωbaryon = 0.32 GeV for the
baryons and ~ωmeson = 0.40 GeV for the mesons.
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The 3P0 quark-antiquark pair-creation operator, T
†, is
given by [27,30,33,34,35,36]
T † = −3 γeff0
∫
dp4 dp5 dP ω δ(p4 + p5)C45e
−α2d(p4−p5)2/6
F45 Γ (P ω) [χ45 × Y1(p4 − p5)](0)0 b†4(p4) d†5(p5) , (5)
where b†4(p4) and d
†
5(p5) are the creation operators for a
quark and an antiquark with momenta p4 and p5, respec-
tively. The function Γ (P ω) represent the flux tube overlap
factor, see App. B, that was introduce by Kokoski and Is-
gur [39]. The qq¯ pair is characterized by a color singlet
wave function, C45, a flavor singlet wave function, F45,
a spin triplet wave function with spin S = 1, χ45, and
a solid spherical harmonic, Y1(p4 − p5), which indicates
that the quark and antiquark are in a relative P -wave.
Since the operator T † creates a pair of constituent quarks
with an effective size, the pair-creation point has to be
smeared out by a Gaussian factor, αd. γ
eff
0 is an effective
pair-creation strength [27,33,34,40], defined as
γeff0 =
mn
mi
γ0 , (6)
with i = n (i.e. u or d) or s (see Table 1). In a recent
study [42], we discussed the correct treatment of γeff0 in
the open-flavor strong decays of baryons. Specifically, we
showed that γeff0 can be absorbed in the flavor couplings
γeff0 φ0 = γ
eff
0
1√
3
[|uu¯〉+ |dd¯〉+ |ss¯〉]
→ γ0φeff0 = γ0
|uu¯〉+|dd¯〉+mn
ms
|ss¯〉√
2+(mnms )
2
.
(7)
γeff0 has then to be fitted to the experimental data, so that
a value of γ0 can be extracted. The values of the
3P0 pair-
creation model parameters are reported in Table 1. They
were taken from the literature [30,36,41], except for the
value of the pair-creation strength γeff0 , that was fitted to
the strong decay width Γ∆++→pπ+ . See App. A for more
details.
In this paper, we use the operator of Eq. (5) to com-
pute the 3P0 vertices 〈BCq ℓJ |T † |A〉, used in the cal-
culation of baryon strong decays and self-energy correc-
tions. Thus, Va,bc(q) =
∑
ℓJ 〈BCq ℓJ |T † |A〉. The matrix
elements of the pair-creation operator T † are derived in
explicit form in the harmonic oscillator basis as in Ref.
[42], using standard Jacobi coordinates.
3 Self-energy calculation
3.1 Mass shifts in the UQM
Following the formalism of Sec. 2, we calculate the mass
shifts due to continuum effects in the UQM for baryons
Parameter Value
γ0 17.3
~ωbaryon 0.32 GeV
~ωmeson 0.40 GeV
αd 0.35 fm
b 0.18 GeV2
mn 0.330 GeV
ms 0.550 GeV
Table 1. The values of the 3P0 pair-creation model param-
eters are taken from the literature [35,30,36,41], except for
the value of the pair-creation strength γeff0 , that was fitted to
strong decay width Γ∆++→ppi+ .
State JP Σ(Ea) Ea Ma
N 1
2
+
-0.368 1.307 0.939
Λ 1
2
+
-0.465 1.581 1.116
Σ 1
2
+
-0.303 1.498 1.195
Ξ 1
2
+
-0.474 1.792 1.318
∆ 3
2
+
-0.314 1.546 1.232
Σ∗ 3
2
+
-0.319 1.702 1.383
Ξ∗ 3
2
+
-0.345 1.876 1.532
Ω 3
2
+
-0.352 2.024 1.672
Table 2. The self energies corrections Σ(Ea) (in GeV), cal-
culated with the parameters in Table 1. The bare energies Ea
were obtained in an iterative procedure, to solve the integral
equations Eq. (2) and (3) for each resonance.
of Refs. [30,35,36]. The procedure is the same as in Ref.
[33].
The mass shifts are calculated via Eqs. (2.1), taking
the bare energies as free parameters fitted to the repro-
duction of baryon physical masses. If the physical mass
of the initial baryon A is above the threshold BC, i.e.
Ma > Eb +Mc, the self energy contribution due to the
baryon-meson channel BC is computed as
Σ(Ea)(BC) =
P ∫∞
Mb+Mc
dEbc
Ea−Ebc
qEbEc
Ebc
∣∣〈BCq ℓJ |T † |A〉∣∣2
+ 2πi
{
qEbEc
Ea
∣∣〈BCq ℓJ |T † |A〉∣∣2}
Ebc=Ea
,
(8)
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where the symbol P indicates the Cauchy principal value
of the integral, that is calculated numerically, and the
second term, 2πi
{
qEbEc
Ea
∣∣〈BCq ℓJ |T † |A〉∣∣2}
Ebc=Ea
is the
imaginary part of the self energy.
The self-energiesΣ(Ea), calculated with the
3P0 model
parameters of Table 1, are reported in Table 2.
The values of the intermediate state baryon and me-
son masses are taken from the PDG [43]. In Tables 3–7,
we show the contributions to the self-energies of ground-
state octet and decuplet baryons from the baryon-meson
channels we considered in our calculations.
State ΞK¯ Ξ∗K¯ Ωη Ωη′ Σ(Ea)
Ω -120 -177 -16 -38 -352
Table 6. As Table 3, but for Ω
(
3
2
+
)
state.
4 Discussion of the results
We provided the results of a self-consistent calculation of
the self-energies of octet and decuplet baryons within the
unquenched quark model. In the unquenched quark model
formalism of Refs. [27,30,33,34,35,36], the effects of qq¯
sea pairs are introduced explicitly into the QM through
a QCD-inspired 3P0 pair-creation mechanism with some
modifications. They include: the use of a quark form fac-
tor, as already done by many authors, like To¨rnqvist and
Zenczykowski [15], Silvestre-Brac and Gignoux [19] and
Geiger and Isgur [31,32], the introduction of an effective
pair-creation strength γeff0 [27,33,34,40,42], and also flux-
tube overlap effects [41].
It is interesting to compare our results to those of pre-
vious calculations. In particular, in Table 8 we compare
our results with pion and Nambu-Golstone bosons loops
with a those of Ref. [16]. There, the authors only consid-
ered pion-quark interaction with a Gaussian form factor
with standard deviation Λπ = 516 fm, which is equivalent
to αd = 0.9 fm; as a consequence, they got smaller results
for the self-energies, but also a smaller ∆−N mass split-
ting. To complete the discussion, in Table 9 we provide
a comparison between our ∆ − N mass splitting result
with those from Refs. [16,18]. In our case, the ∆ − N
mass splitting goes from 301 MeV, when only pion loops
are included, to 165 MeV, when all the Pseudo-Nambu-
Goldstone bosons are included.
Baryon UQM UQM (pi loops) HIN
∆ -314 -234 -216
N -368 -336 -198
Σ∗ -319 -145 -139
Σ -303 -146 -106
Ξ∗ -345 -62 -66
Ξ -474 -71 -41
Ω -352 0 –
Λ -465 -256 -117
Table 8. Comparison between our self-energy calculation re-
sults for ground-state octet and decuplet baryons with those
from Ref. [16] (HIN). In the second column, we present our re-
sults when all Pseudo-Nambu-Goldstone bosons are included.
In the third column we present our results when only pion loops
are included. Horacsek et al. (HIN) computed the self-energies
only due to pion-quark interaction.
Model pi piKηη′ Exp.[43]
UQM 100 54 293
HIN 18 - 293
BB 445 - 293
Table 9. ∆ − N mass splitting. In the second column, only
pion loops are included. In the third column, all the loops due
to Pseudo-Nambu-Goldstone bosons are included. Our results
are compared to those by Horacsek et al. (HIN) [16] and Brack
and Bhaduri (BB) [18].
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State Npi ΣK ∆pi Nη Nη′ ∆η ∆η′ Σ∗K ΛK Σ(Ea)
∆ -27 -14 -207 0 0 -36 -17 -13 0 -314
N -198 -1 -138 -8 -3 0 0 -7 -12 -368
Table 3. Mass shifts (in MeV) of ∆
(
3
2
+
)
and N
(
1
2
+
)
baryons. The values of the model parameters are given in Table 1.
State NK¯ Σpi Λpi Ση Ση′ ΞK ∆K¯ Σ∗pi Σ∗η Σ∗η′ Ξ∗K Σ(Ea)
Σ∗ -14 -16 -15 -16 0 -5 -99 -114 -7 -17 -17 -319
Σ -7 -87 -33 -18 -3 -22 -89 -26 -14 0 -5 -303
Table 4. As Table 3, but for Σ∗
(
3
2
+
)
and Σ
(
1
2
+
)
states.
State ΣK¯ ΛK¯ Ξpi Ξη′ Ξη Σ∗K¯ Ξ∗pi Ξ∗η Ξ∗η′ ΩK Σ(Ea)
Ξ∗ -35 -20 -18 -23 0 -173 -44 - 1 -17 -14 -345
Ξ -286 -9 -7 -4 -19 -48 -64 -18 0 -20 - 474
Table 5. As Table 3, but for Ξ∗
(
3
2
+
)
and Ξ
(
1
2
+
)
states.
The self-energies, we studied in this paper, arise from
the coupling to the baryon-meson continuum in the UQM.
Neglected in naive QM’s, these loop effects provide an
indication of the quality of the quenched approximation
used in QM’s calculations, in which only valence quarks
are taken into account. It is thus worthwhile to see what
happens when these pair-creation effects are introduced
into the quark model. Therefore, we could say that these
kind of studies can also be seen as inspections of the QM,
of its power in predicting the properties of hadrons and
of its range of applicability: if the departure from QM’s
results is important, one can see new physics emerging or
better extra degrees of freedom.
It has been shown in the meson sector that contin-
uum coupling effects may also be particularly important
in the case of suspected non qq¯ states, such as the X(3872)
[44]. The uncommon properties of this resonance are due
to its proximity to the DD¯∗ decay threshold and can be
explained neither within a standard quark-antiquark pic-
ture for mesons nor in a simple molecular model. In Ref.
[27], it is shown that the continuum coupling effects of the
X(3872) can give rise to DD¯∗ and D∗D¯∗ components in
addition to the cc¯ core and determine a downward energy
shift, which is necessary to obtain a better reproduction
of the experimental data. In other words, while far from
thresholds loop effects can be partially re-absorbed into a
new set of renormalized parameters for the potential [27,
41], this is not possible for those states that lie close to
a meson-meson decay threshold. There are also suspected
non qqq baryons, like the Λ∗(1405), which may deserve an
inspection within the UQM formalism.
A Parameters of the 3P0 pair-creation model
The values of the 3P0 pair-creation model parameters are
taken from the literature [30,35,36,41], except for the
6 Please give a shorter version with: \authorrunning and \titlerunning prior to \maketitle
State NK¯ Σpi ΞK Λη Λη′ Σ∗pi Ξ∗K Σ(Ea)
Λ -180 -100 -3 -6 -4 -156 -17 -465
Table 7. As Table 3, but for Λ
(
1
2
+
)
state.
value of the pair-creation strength γeff0 (see Table 1), that
has to be fitted to the reproduction of experimental strong
decay widths. We have chosen to fit γeff0 to the experi-
mental strong decay width ∆++ → pπ+ [43]. In this case,
since the created pair qq¯ is dd¯, the effective pair creation
strength γeff0 coincides with γ0 [see Eq. (6)].
The decay width is calculated within the 3P0 model
[19,42,45] as
Γ∆++→pπ+ = 2ΦA→BC
∣∣〈BCq0 ℓJ |T † |A〉∣∣2
= Φ∆++→pπ+∣∣〈pπ+q0 1 12 ∣∣T † |∆++〉∣∣2
(9)
where 〈BCq0 ℓJ |T † |A〉 is a 3P0 amplitude, describing the
coupling between the baryon |A〉 = |∆++〉 and the final
state |BC〉 = |pπ+〉, and
ΦA→BC = 2πq0
M˜bM˜c
Ma
(10)
is Capstick and Roberts’ effective phase space factor [45],
where M˜b = M˜p = 1.1 GeV and M˜c = M˜π = 0.72 GeV are
the masses of the hadrons B and C in the weak-binding
limit.
B Flux-tube breaking model
Finally, the function Γ (Pw) indicates the flux-tube over-
lap function in the momentum space, that describes the
overlap of the flux-tube of the initial particle with those of
the final ones. This mechanism was originally developed
by Kokoski and Isgur for string-like meson decays in Ref.
[39] as an extension of the 3P0 model of hadron decays
[38] (see also Refs. [41,46,47]). In the flux-tube break-
ing model, it is assumed that the flux-tube breaking takes
place at a distance y = r4−(r1+r2+r3)/3 = −x−
√
3
2λ
from the center of mass of the initial baryon A (see figure
1). The modification of the transition amplitude consists
in the addition of a flux-tube overlap function γ(y) which,
just as for the mesons, is taken to be a Gaussian
γ(y) = e−by
2/2, (11)
in coordinate space, and its Fourier transform Γ (P ω) is
the flux-tube overlap in momentum space
Γ (P ω) =
1
(2π)3/2
∫
dy e−iy·Pω γ(y) =
e−P
2
ω/2b
b3/2
, (12)
with P ω the canonic conjugate coordinate to the vector
y.
Note, that the Gaussian form is similar, but the coor-
dinates are different to those used by Stancu-Stassart [48]
and Geiger-Isgur [31,32].
Fig. 1. A → BC baryon decays by flux-tube breaking. Open
circles denote quarks and closed circles antiquarks.
The UQM contains the 3P0 transition amplitude, it is
written in terms of a spherical basis, but it can be eas-
ily expressed in a plane-wave basis by the change of the
variables
K = p
B
+ p
C
q = 25pB − 35pC
⇐⇒ pB =
3
5K + q
p
C
= 25K − q
(13)
Thus transition amplitude can be written as
〈BC, Jb,mb, Jc,mc,pB,pC |T †|A,PA, Ja,ma〉
= 3γ
∑
m
〈1, 1;m,−m|0, 0〉〈ΦmbB ΦmcC |ΦmaA Φ−mvac 〉
×Im(A→ BC), (14)
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where
Φ−mvac = χ
−m
1 φ0. (15)
is the spin-flavor wave function of the pair created from
the vacuum in a triplet state S = 1, 〈ΦmbB ΦmcC |ΦmaA Φ−mvac 〉
correspond to the flavor-spin overlap, and the spatial over-
lap is Im(A→ BC).
The spatial-transition amplitude in the flux-tube break-
ing model is given by
Im(A→ BC) =
√
3
4π
δ(pB + pC)
1
(2π)3/2
∫
dr dx
× γ(r
2
− x) e−ir·pB/2ψ∗B(r − x)
× ψ∗C(x)ǫm · (−2i∇r − 2pB)ψA(r) (16)
in coordinate space, and by
Im(A→ BC) = −2
3
√
1
4π
δ(pB + pC)
(2π)3/2
∫
dpρ dpλ dP ω
× Γ (P ω) ǫm · (pC +
√
2
3
pλ)φA(pρ,pλ)
× φ∗B(pρ,pλ +
√
2
3
pC −
√
1
6
P ω)
× φ∗C(−
pC
2
−
√
2
3
pλ − 2P ω
3
) (17)
in momentum space, with
p
ρ
=
1√
2
(p
1
− p
2
)
p
λ
=
1√
6
(p
1
+ p
2
− 2p
3
) .
B.1 Pair creation vertex
Finally, the smearing of the pair creation vertex can be
included in momentum space by adding an exponential
factor to give
Im(A→ BC) = −2
3
√
1
4π
δ(pB + pC)
(2π)3/2
∫
dpρ dpλ dP ω
× Γ (P ω) ǫm · (pC +
√
2
3
pλ)
× φ∗B(pρ,pλ +
√
2
3
pC −
√
1
6
P ω)
× φ∗C(−
pC
2
−
√
2
3
pλ − 2
3
P ω)
× φA(pρ,pλ) e−2r2q(pC+
√
2
3
pλ)
2/3. (18)
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